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In this study we have performed a mutational analysis of the cowpea mosaic comovirus (CPMV) genome-linked protein VPg
to discern the structural requirements necessary for proper functioning of VPg. Either changing the serine residue linking VPg
to RNA at a tyrosine or a threonine or changing the position of the serine from the N-terminal end to position 2 or 3 abolished
virus infectivity. Some of the mutations affected the cleavage between the VPg and the 58K ATP-binding protein in vitro, which
might have contributed to the lethal phenotype. RNA replication of some of the mutants designed to replace VPg with the
related cowpea severe mosaic comovirus was completely abolished, whereas replication of others was not affected or only
mildly affected, showing that amino acids that are not conserved between the comoviruses can be critical for the function
of VPg. The replicative proteins of one of the mutants failed to accumulate in typical cytopathic structures and this might
reflect the involvement of VPg in protein–protein interactions with the other replicative proteins. © 2001 Academic Press
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aINTRODUCTION
The genome of cowpea mosaic virus (CPMV) consists
of two positive-stranded RNA molecules, denoted RNA1
and RNA2, which are separately encapsidated in parti-
cles containing 60 copies each of the two capsid pro-
teins. Both RNA1 (5889 nucleotides (nt)) and RNA2 (3481
nt) are translated into large polyproteins from which the
functional proteins are generated by proteolytic cleav-
ages by the RNA1-encoded 24K proteinase. The two
genomic RNAs are further characterized by a 39-terminal
poly(A) tail and a small protein, denoted VPg (viral protein
genome-linked), covalently attached to the 59-end of
each RNA chain.
VPg is an RNA1-encoded, 28-amino-acid oligopeptide
that is linked to RNA by a phosphodiester bond between
the b-OH group of its N-terminal serine residue and the
9-terminal uridyl residue of the RNA (Jaegle et al., 1987).
lthough many RNA viruses that belong to the picorna-
irus-like supergroup possess a VPg, the amino acid that
inks the VPg to the RNA has been identified for only a
ew of them. A tyrosine residue was shown to link the
Pg to the viral RNA for poliovirus (Rothberg et al., 1978)
nd encephalomyocarditis virus (Vartapetian et al., 1980),
oth animal picornaviruses, and the plant potyvirus to-
acco vein mottling virus (TVMV) (Murphy et al., 1991),
hile the comovirus CPMV (Jaegle et al., 1987) and the
elated nepoviruses tobacco ringspot virus (Zalloua et
1 To whom correspondence and reprint requests should be ad-
ressed at Laboratory of Molecular Biology, Wageningen University,
reijenlaan 3, 6703 HA Wageningen, The Netherlands. Fax:
31-317483584. E-mail: joan.wellink@mac.mb.wau.nl.
21l., 1996) and grapevine fanleaf virus (Pinck et al., 1991)
use a serine residue. Linkage of VPg to RNA via a
threonine residue has not been reported although the
side chain of this amino acid contains a hydroxyl group,
which is required to form the phosphodiester bond.
A role for VPg in translation is not likely since full-size
in vitro transcripts lacking the protein, and viral RNA from
which the VPg has been proteolytically removed, are
infectious and retain their messenger activity for most
RNA viruses studied (Dolja et al., 1992; Sarnow, 1989;
Sosnovtsev and Green, 1995; Vos et al., 1988). Rather,
VPg might have a role in the initiation of viral RNA
synthesis as VPg is found covalently linked to the 59-end
of both positive and negative strands in the replicative
forms isolated from virus-infected tissue (Lomonossoff et
al., 1985; Wimmer et al., 1993). For poliovirus, the gener-
ation of uridylated VPg species [VPg-pU, VPg-pUpU, and
VPg-poly(U)] has been demonstrated in vitro in a mem-
brane fraction of infected cells (Takegami et al., 1983)
and in a cell-free system consisting of synthetic VPg,
purified 3Dpol, UTP, and poly(A) template (Paul et al.,
1998), strongly suggesting that uridylylated VPg acts as
primer for RNA transcription. The proposed role of VPg in
RNA replication is similar to the role of terminal proteins
(TPs) in the initiation of DNA replication of DNA viruses.
The TPs of adenovirus, bacteriophage PRD1, and bacte-
riophage Cp-1 were shown to be linked to genomic DNA
via a serine, a tyrosine, and a threonine, respectively [for
a review see Salas (1991)].
The serine residue linking the CPMV VPg to the RNA
is part of the Gln/Ser cleavage site between 58K and
VPg, indicating that proteolytic cleavage and RNA attach-
ment may be interrelated. Figure 1 shows the processing
0042-6822/01 $35.00
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22 CARETTE ET AL.scheme of the CPMV RNA1-encoded 200K polyprotein
based on in vivo and in vitro translation and processing
studies (Goldbach and Wellink, 1996, and references
therein). The RNA1-encoded 24K proteinase has been
shown to be responsible for all the cleavages. Both 60K
and 58K proteins are present in extracts of CPMV-in-
fected leaves, indicating that 60K might be the direct
precursor of VPg (Goldbach et al., 1982). 60K is an ATP-
binding protein that has been implicated in induction of
typical small membranous vesicles associated with RNA
replication (Peters et al., 1994; van Bokhoven et al., 1992).
Presumably 60K acts as a membrane anchor for the
replication complex and as a donor of VPg. Alternatively,
112K either directly or via the 26K intermediate product
acts as direct precursor for VPg (Fig. 1). When transiently
expressed in cowpea protoplasts, 112K is readily pro-
cessed either to VPg and 110K, which is a stable end
product, or to 26K and 87K whereupon the 26K is further
cleaved to 24K and VPg (Peters et al., 1995). These
results are in line with findings that cleavages in cis of
the 200K protein occur much more efficiently than cleav-
ages in trans (Clark et al., 1999).
In an attempt to delineate the function(s) of VPg in
virus replication, we performed a mutational analysis of
the VPg region in the RNA1-encoded polyprotein. Mutant
constructs in which the serine residue that links VPg to
the viral RNA was changed to different amino acids or
the position of the serine relative to the cleavage site
was altered lost the ability to replicate in cowpea meso-
phyll protoplasts. We have employed an in vitro transla-
tion system to study whether proteolytic processing was
disturbed in these mutants. We have also characterized
a chimeric virus in which the coding region for CPMV
VPg was replaced with that of another comovirus, cow-
FIG. 1. Genetic organization and translational expression of the
CPMV genome. Open reading frames in the RNA molecules (open
bars), VPg (black square), and nucleotide positions of start and stop
codons are indicated. pro, proteinase; co-pro, cofactor for proteinase;
NTB, nucleotide-binding protein; pol, RNA-dependent RNA polymerase.pea severe mosaic virus (CPSMV), and a set of interme-
diate mutants. RNA replication of some of the mutants
c
1was completely abolished, whereas replication of others
was not affected or only mildly affected.
RESULTS
Mutations directed at the serine linking the
RNA with VPg
We have constructed five mutants that involve
changes in the serine residue (Ser1) that links the VPg to
the viral RNA as well as changes within the vicinity of the
linking amino acid (Fig. 2). In mutant SR 3 Q/TR Ser1
has been replaced by threonine, a structurally conserved
substitution that could provide a hydroxyl group for for-
mation of the phosphodiester bond with RNA. Another
mutant was designed to change Ser1 to a tyrosine res-
idue, the residue linking VPg to genomic RNA in picor-
naviruses and potyviruses. Besides the intended S1Y
mutation, another mutation was fortuitously introduced,
changing the basic arginine residue at position 2 to a
glycine (this mutant was designated SR 3 Q/YG). Two
other mutants were made to investigate the necessity of
the linking serine residue to be at the N-terminal position
1 of VPg. For mutant SR 3 Q/GSR insertion of a glycine
residue at position 1 led to a change of the cleavage site
from Q/S to Q/G and a VPg molecule with the linking
serine at position 2. In mutant SR 3 Q/GRS the linking
serine residue was introduced at position 3, replacing
the arginine residue, while the serine residue at position
1 was changed to a glycine.
For the potyvirus tobacco etch virus (TEV), cleavage of
the VPg part (24 kDa) of the VPg proteinase from the
entire VPg proteinase (49 kDa) seems not to be essential
as both forms are found attached to TEV genomic RNA
isolated from infected plants (Murphy et al., 1990). For
encephalomyocarditis virus it was shown that a mutant
FIG. 2. Sequence of CPMV VPg mutants that contain mutations near
or at the serine linking VPg to RNA or at the C-terminal Q/M cleavage
site. The amino acid sequence of the wild-type CPMV VPg is given by
the single-letter amino acid code within the boxed region and the
serine linking VPg to RNA is underlined. The names of the mutants are
given on the left-hand side, and their appropriate changes are shown
replacing the wild-type sequence (—). Clone SR3 Q/GSR contains an
nsertion of a glycine residue at the indicated position. Indicated on the
ight are the percentages of infected cowpea protoplasts upon trans-
ection with the mutants as determined by immunofluorescence. The
xperiment was repeated at least twice and the percentage of infected
ells obtained with wild-type RNA1 (typically 15 to 30%) was set at
00%.
a
s
p
r
a
p
l
r
a
o
w
R
A
c
w
p
i
c
a
p
c
8
v
i
t
i
2
b
c
a
c
w
t
c
8
a
(
m
c
h
t
a
t
(
s
i
b
5
5
5
a
o
5
w
t
i
i
(
m
o
m
23COWPEA MOSAIC VIRUS VPg MUTANTSdisturbed in the cleavage between 3B (VPg) and 3C
(proteinase) produced infectious virus particles contain-
ing 3BC that was probably linked to viral RNA (Hall and
Palmenberg, 1996). An additional CPMV VPg mutant was
made to investigate the necessity of VPg being cleaved
from the 24K proteinase in order to function in RNA
replication. The mutation consisted of a change of the
C-terminal glutamine residue to a histidine residue, abol-
ishing the Q/M cleavage site between VPg and the 24K
proteinase. This mutant was designated Q28 3 H.
The VPg mutants were introduced in cDNA clone
pTB1G, which contains a full-length copy of CPMV RNA1
behind the T7 promoter. In vitro transcripts of wt pTB1G
nd mutant clones were used to transfect cowpea me-
ophyll protoplasts. Two days postinfection (dpi), the
rotoplasts were fixed and stained with antibodies
aised against the CPMV 110K protein and the percent-
ge of fluorescent cells was calculated. Because viral
roteins accumulate to detectable levels only when rep-
ication of the virus takes place, the percentage of fluo-
escent cells is a measure of infectivity (van Bokhoven et
l., 1993). As is evident from Fig. 2, transcripts from none
f the mutant VPg containing constructs were infectious,
hereas T7 transcripts of the wild-type (wt) cDNA of
NA1 infected at least 15% of the cowpea protoplasts.
pparently viral RNA replication is very sensitive to
hanges at the N-terminal end of VPg.
The proteolytic processing of the mutant polyproteins
as examined in vitro to determine whether the lethal
henotype was due to an intrinsic defect in the function-
ng of VPg or to changes in the cleavage site, which
ould alter or prevent the cleavage by the 24K protein-
se. For this purpose mutations were introduced in
TB84, a cDNA clone of CPMV RNA1 lacking the 32K
oding region and a large part of the coding region of the
7K core polymerase (Fig. 3A) (Peters et al., 1992a).
Previous studies have shown that in this construct in
itro cleavage at the 58K–VPg site is more efficient than
n full-length clones. Transcripts of these clones were
ranslated in vitro and the samples were allowed to
ncubate for 18 h to accomplish processing by the viral
4K proteinase. The 88-kDa translation product encoded
y wt pTB84 and the mutant constructs was readily
leaved into the 84K protein at the Q/G site between 24K
nd the truncated 87K (Fig. 3B, top). No difference in
leavage efficiency was apparent at this site between
ild-type and the VPg mutants. Cleavage at the Q/S of
he 58K–VPg junction and of the Q/M of VPg–24K oc-
urred less efficiently than cleavage at the Q/G of 24K–
7K and only rather faint bands corresponding to the 58K
nd 60K product were observed with wild-type pTB84
Fig. 3B, bottom, lane 1). The intensity of the 58K band for
utants SR 3 Q/GSR and SR 3 Q/GRS, which both
ontain a change of the cleavage site from Q/S to Q/G, is
igher than that for wild-type. Since the 60K bands of
hese mutants are comparable in intensity, this results in
t
mhigher ratio of 58K/60K compared to wild-type, indica-
ive of a more efficient cleavage between 58K and VPg
Fig. 3C). In contrast, replacement of the Q/S cleavage
ite to Q/T as is the case in mutant SR3 Q/TR resulted
n a sharp increase in the amount of 60K protein (Fig. 3B,
ottom, lane 4). This is reflected in a reduction of the
8K/60K ratio (Fig. 3C) and suggests that cleavage at the
8K–VPg junction is inhibited. The amounts of 60K and
8K of mutant SR 3 Q/YG resembled that of wild-type
lthough a small decrease in the amount of 58K was
bserved, resulting in a slight decrease of the ratio
8K/60K (Fig. 3B, bottom, lane 2; Fig. 3C). Almost no 60K
as detected in mutant Q28 3 H that contains a muta-
ion at the C-terminal cleavage site and the ratio 58K/60K
ncreased concomitantly, showing that cleavage be-
FIG. 3. In vitro translation and processing of CPMV VPg mutants. (A)
Schematic diagram of plasmids pTB1G and pTB84 used for transcrip-
tion with phage T7 polymerase. Mutations were introduced in pTB84
and transcripts were used for in vitro translation to determine process-
ng at the cleavage sites. The open reading frame in the RNA molecule
open bar) and the cleavage sites are indicated as are the apparent
olecular masses of the final cleavage products. (B) In vitro translation
f RNA transcribed from pTB84 (containing wt VPg) and from the VPg
utants introduced in this vector in the presence of [35S]methionine.
The proteins were separated on a 10% SDS–PAGE gel. Water: no RNA
added. (C) Quantification of the ratio of 60K compared to 58K after in
vitro translation and processing. Radioactivity corresponding to the 60K
and 58K protein band was determined by scanning the gel with a
phosphorimager. The values represent the amount of 58K protein
divided by the amount of 60K protein and are the mean values of three
separate experiments. The standard deviation is indicated.ween VPg and 24K was much less efficient in this
utant (Fig. 3B, bottom, lane 6; Fig. 3C).
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24 CARETTE ET AL.From these data we conclude that the VPg mutants
that contain the linking serine at position 2 or 3 are
processed more efficiently between the 58K and the VPg
than wild-type in vitro. If the function of the 60K proteins
is other than being the precursor for VPg, this might
contribute to the lethal phenotype of these mutants. The
processing of the SR 3 Q/YG mutant resembled that of
ild-type. In the VPg mutants SR 3 Q/TR and Q28 3 H
he cleavage efficiency is clearly reduced and this might
ontribute to the loss of infectivity of these mutants in
owpea protoplasts.
utations designed to replace CPMV VPg with the
elated CPSMV VPg
Cowpea severe mosaic virus (CPSMV), a related co-
ovirus, encodes a 28-amino-acid VPg that differs from
FIG. 4. Diagram depicting mutations introduced to replace wild-type
PMV VPg with that of the related comovirus CPSMV. The amino acid
equence of CPSMV VPg differs from that of CPMV at nine positions
nd these mutations were introduced stepwise, generating the inter-
ediate clones VPgA, VPgB, VPgC, VPgD, and VPgAB. VPgCPSMV contains
all nine mutations giving rise to a chimeric virus where the wild-type
CPMV VPg is replaced by CPSMV VPg. The names of the mutants are
given on the left-hand side, and their appropriate changes are shown
replacing the wild-type sequence (—). Indicated on the right are the
percentages of infected cowpea protoplasts upon transfection with the
mutants as determined by immunofluorescence. The experiment was
repeated at least twice and the percentage of infected cells obtained
with wild-type RNA1 (typically 15 to 30%) was set at 100%.
FIG. 5. Immunoblot analysis of proteins produced in cowpea pr
nonreplicating VPg mutants (B). The proteins were detected with anti-110K (A
indicated on the left and cowpea proteins that cross-react with anti-VPg arePMV at nine positions, mostly involving conserved
mino acid changes (Fig. 4). The nine mutations were
ntroduced in the VPg coding region of pTB1G either as
pair or as a triplet generating four mutant constructs
designated VPgA, VPgB, VPgC, and VPgD; see Fig. 4). In
mutant VPgAB the mutations of A and B are combined.
Combination of the mutations present in A, B, C, and D
resulted in the complete replacement of CPMV VPg with
CPSMV VPg and the clone encoding this chimeric virus
was designated VPgCPSMV. It is noteworthy that, in con-
trast to the set of mutants described in the previous
section, these mutations do not affect the N-terminal
serine residue linking VPg to RNA nor do they affect
amino acids in the immediate vicinity of this serine. The
infectivity of the mutants was again tested by transfect-
ing cowpea protoplasts with in vitro transcripts and the
percentage of infected cells was determined using im-
munofluorescence with anti-110K serum at 2 dpi. The
infectivity of transcripts from mutant VPgA was compara-
le to that of wild-type. In contrast, the mutants contain-
ng the chimeric VPgCPSMV or the intermediate VPgC were
oninfectious, whereas the infectivity of mutants VPgB,
PgAB, and VPgD was decreased to 20, 20, and 50%,
respectively, compared to wild-type (Fig. 4). Western blot
analysis of extracts of these protoplasts with anti-110K
serum confirmed the immunofluorescence data and dis-
played a similar reduction in accumulation of viral pro-
teins of the VPg mutants [Fig. 5A; VPgD (data not shown)].
To test whether the alterations in VPg affected the
bility of the mutants to infect cowpea plants, extracts of
rotoplasts that were infected with transcripts of the
utant VPg clones and RNA2 were used to mechanically
noculate cowpea leaves. Using this method, infection
ith mutant VPgA produced symptoms similar to those
with wild-type CPMV, resulting in a yellow mosaic pattern
on the primary inoculated leaves 2 dpi. and on the upper
ts by replicating VPg mutants (A) and by transient expression ofotoplas
) or anti-VPg sera (B). The molecular masses of the viral proteins are
indicated by asterisks on the right. wt, wild-type.
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25COWPEA MOSAIC VIRUS VPg MUTANTSsystemic leaves at 6 dpi (data not shown). The symptoms
induced by infection with VPgB, VPgAB, and VPgD were
less severe than with wild-type and developed 3 dpi on
the primary inoculated leaves and 8 dpi (VPgB) or 10 dpi
VPgAB and VPgD) on the systemic leaves (data not
hown). As expected, no symptoms occurred on plants
noculated with extracts of protoplasts infected with mu-
ants VPgC or VPgCPSMV (data not shown). From these data
we can conclude that the mutations introduced in VPgC
and VPgCPSMV completely abolished RNA replication, sug-
gesting also that changes of amino acids in CPMV VPg
that are not conserved among comoviruses can have
severe effects on virus viability. The mutations present in
the other mutants showed a less severe effect on virus
viability as they either debilitated (VPgB, VPgAB, and VPgD)
or did not affect (VPgA) replication and the ability to infect
hole plants.
During the immunofluorescence analysis of the proto-
lasts infected with the VPg mutants with anti-110K se-
um we noted a different pattern in the case of mutant
PgD in which the immunofluorescent label was distrib-
ted uniformly over the cytoplasm and not concentrated
n specific areas as observed for wt RNA1 and the other
utants (data not shown). Previous electron microscopy
tudies have revealed that the replicative proteins accu-
ulate in electron-dense structures adjacent to clusters
f small membranous vesicles that are the site of viral
eplication (De Zoeten et al., 1974). Using light micros-
opy and immunofluorescence staining these structures
ppear as large shapeless bodies located near the nu-
leus in most infected cells. To confirm that mutations in
Pg can alter the normal localization of the replicative
roteins, infected cowpea protoplasts were also ana-
yzed for immunostaining with anti-VPg serum. The fluo-
escence in cowpea protoplasts transfected with wild-
ype RNA1 or mutant VPgA, VPgB, or VPgAB was present in
one or a few large shapeless bodies per cell (Figs. 6A
and 6B; and data not shown). The fluorescence in pro-
toplasts transfected with mutant VPgD was uniformly
istributed over the cytoplasm (Fig. 6C), in agreement
ith the staining pattern observed with anti-110K serum.
The localization of the replicative proteins of the non-
nfectious mutants VPgC and VPgCPSMV was further tested
y introducing the mutations in a transient expression
ector, pMB200, that contains the coding sequence of
he 200K polyprotein of RNA1 behind the CaMV 35S
romoter. In protoplasts transfected with pMB200 or
PgC, the fluorescence after immunostaining with anti-
Pg and anti-110K sera was present in one or a few large
hapeless bodies per cell (Figs. 6D and 6E; and data not
hown). Using anti-110K, the fluorescence pattern of mu-
ant VPgCPSMV resembled that of mutant VPgD and the
fluorescence label was distributed over the cytoplasm
(Fig. 6F). No fluorescence was found using anti-VPg
serum, possibly due to reduced affinity of the antibody for
the mutant VPg containing proteins. Western blot analy-
Vsis using anti-VPg serum of extracts of protoplasts trans-
fected with the transient expression constructs revealed
that the accumulation of 170K, 84K, and 60K proteins in
VPgCPSMV and pMB200 transfected protoplasts is very
imilar, whereas in VPgC transfected cells no 84K protein
was detected and the amount of 60K protein was clearly
reduced (Fig. 5B).
Taken together these results indicate that the two
amino acid changes (an aspartic acid to glutamic acid
residue at position 26 and an alanine to a glycine residue
at position 27) present in both mutant VPgD and VPgCPSMV
prevent the accumulation of replicative proteins in dis-
tinct bodies near the nucleus; instead the replicative
proteins are now uniformly dispersed throughout the
cytoplasm. Apparently the formation of these bodies is
not a prerequisite for replication as mutant VPgD repli-
cated in protoplasts and plants albeit at lower efficiency.
Other mutations in VPg did not alter the localization
pattern of the replicative proteins including mutations in
VPgC that completely abolished RNA replication. The low
levels of 84K and 60K proteins present in cells trans-
fected with VPgC suggest that the mutations present in
his mutant had an effect on the stability of these pro-
eins, which could have contributed to the lack of viability
f this mutant; however, this effect was not observed for
CPSMV
FIG. 6. Effect of mutations in VPg on the distribution of CPMV
replicative proteins in cowpea protoplasts. The immunofluorescent
images represent typical examples of fluorescent staining of proto-
plasts transfected with transcripts of pTB1G (A) and the mutants VPgAB
(B) and VPgD (C) or with DNA constructs of the lethal mutants VPgC (E)
and VPgCPSMV (F) that were introduced in pMB200 (D). Detection of the
replicative proteins was performed with anti-VPg (A–C) or anti-110K
(D–F) serum and goat anti-rabbit IgG conjugated with FITC.Pg , which is also not infectious and contains the
same mutations.
o
s
o
t
v
t
c
t
a
b
t
a
V
v
C
v
t
a
p
c
s
t
b
m
b
p
t
t
V
t
Q
2
o
t
C
i
a
w
p
i
i
s
l
A
r
a
p
t
t
s
p
s
i
r
m
l
t
26 CARETTE ET AL.DISCUSSION
In this study we have performed a mutational analysis
f the CPMV genome-linked protein VPg to discern the
tructural requirements necessary for proper functioning
f VPg. We have shown that the structure of the N-
erminal end of VPg, containing the serine residue in-
olved in linking VPg to RNA, is crucial for virus replica-
ion but other parts of VPg that are not conserved among
omoviruses are also important for viral infectivity. Fur-
hermore VPg might be involved in protein–protein inter-
ctions with other replicative proteins as was suggested
y the altered localization pattern of the replicative pro-
eins in one of the mutants.
For the function of VPg, linkage to a specific amino
cid as well as the location of this amino acid within the
Pg is essential. CPMV VPg attaches to its genomic RNA
ia the hydroxyl group of the serine residue at position 1.
hanging this residue to tyrosine proved lethal for the
irus, suggesting that the hydroxyl group presented by
yrosine is not accepted to form the linkage between VPg
nd the viral RNA although an additional mutation
resent in this mutant at position 2 could also have
ontributed to the lethal phenotype. Changing the linking
erine residue of CPMV VPg to threonine also rendered
he virus noninfectious. At the same time the processing
etween the 58K and VPg was severely inhibited in this
utant as was shown in vitro. Therefore the defect might
e due to a lack of processing and we cannot rule out the
ossibility that the virus can accept the hydroxyl group of
hreonine to form the covalent bond between VPg and
he RNA. The position of the linking amino acid within the
Pg is critical to its function as can be concluded from
he lethal phenotype of mutants SR3 Q/GSR and SR3
/GRS, where the linking serine was present at positions
and 3, respectively. Processing at the 58K–VPg junction
f these mutants occurred more efficiently than in wild-
ype and this might contribute to the lethal phenotype.
learly the functioning of CPMV VPg in virus replication
s dependent on the identity and position of the amino
cid that links the VPg to the viral RNA, which is in line
ith findings for the VPg of poliovirus and TVMV, a plant
otyvirus. These viruses use the hydroxyl group of an
nternal tyrosine residue to link VPg to the viral RNA and
t was shown that changing this tyrosine residue to
erine, or changing the position within VPg, results in a
ethal phenotype (Murphy et al., 1996; Reuer et al., 1990).
pparently the enzyme that catalyzes the esterification
eaction between the hydroxyl group of the linking amino
cid and the a-phosphate of uridine 59-triphosphate spe-
cifically recognizes tyrosine in the case of picornaviruses
and potyviruses or serine in the case of nepoviruses and
comoviruses. The specificity of these viral proteins for
either tyrosine or serine is reminiscent of the specificity
found in protein kinases that catalyze the phosphoryla-
tion of regulatory proteins, which also occurs via anesterification reaction of the hydroxyl group with the
g-phosphate. These kinases are divided in two evolu-
tionary distinct classes: the serine/threonine kinases
and the tyrosine kinases.
It is not known whether the direct precursor protein of
VPg is 60K or 112K and whether cleavage from its pre-
cursor is required for VPg functioning. The VPg mutant
where the N-terminal serine residue was changed to
threonine was disturbed in cleavage between 58K and
VPg in vitro and was unable to replicate, suggesting that
roteolytic processing at that site is required. Changing
he glutamine residue of the cleavage site at the C-
erminal end to a histidine resulted in a virus that was
everely disturbed in cleavage between VPg and the 24K
roteinase. This mutation also proved lethal, strongly
uggesting that VPg must be cleaved from its precursor
n order to fulfill its role in replication. This is in line with
esults reported for the pea enation mosaic virus, a
ember of the picornavirus-like supergroup, where de-
etion of the N-terminal or the C-terminal cleavage site of
he 28-amino-acid VPg led to a loss of infectivity (Skaf et
al., 2000). Also a poliovirus VPg mutant defective in
processing at the C-terminal cleavage site was reported
to be nonviable (Kuhn et al., 1988b). Interestingly, com-
plete processing of VPg at the C-terminal cleavage site is
not required for the potyviral VPg because both the
24-kDa VPg and the 49-kDa VPg proteinase (NIa) were
shown to be covalently attached to the RNA during in-
fection with wild-type TEV (Murphy et al., 1990).
Amino acid comparisons have shown that the first six
amino acids of the VPgs of the comoviruses CPMV,
CPSMV, bean pod mottle virus, and red clover mosaic
virus are identical, indicating that the N-terminal region
of VPg near the linking serine is highly conserved among
the comoviruses (Di et al., 1999). However, in other parts
of VPg differences exist. CPSMV encodes a VPg that
differs from CPMV VPg at nine positions. Introduction of
these nine mutations in CPMV resulted in a chimeric
virus that was unable to replicate, demonstrating that
nonconserved amino acids can also play an important
role in virus replication. This is in sharp contrast to
experiments with poliovirus where the replacement of
VPg with the related echovirus 9 VPg or with the more
distantly related human rhinovirus 14 VPg did not affect
virus viability (Kuhn et al., 1988a; Paul et al., 2000) even
though the VPg amino acid sequence of the latter chi-
meric virus differed at 13 positions of the 23 amino acids
with poliovirus VPg. Notably, although the sequence of
VPg is less conserved among the human picornaviruses,
their 3D polymerases are more conserved than the 87K
polymerases of CPMV and CPSMV. Since it was pro-
posed that recognition of VPg by the viral polymerase is
a crucial step in initiation of viral replication (Paul et al.,
1998), it is probable that the VPgs of picornaviruses are
structurally more conserved than those of the comovi-
ruses despite the lower level of conservation at the
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27COWPEA MOSAIC VIRUS VPg MUTANTSamino acid level. Alternatively the picornaviral polymer-
ase is more promiscuous to the VPg structure than co-
moviral polymerases. Previous experiments to determine
the structure of CPMV VPg using 2-dimensional NMR
yielded spectra with substantial overlap that were diffi-
cult to interpret (van de Ven et al., 1990). This suggests
that VPg does not adopt a defined folded structure in
aqueous solution.
A set of intermediate mutants allowed us to determine
which of the nine amino acids that differed between
CPMV VPg and CPSMV VPg are crucial for CPMV infec-
tivity. The three amino acid changes introduced in mutant
C resulted in a complete abolishment of replication,
demonstrating the pivotal role of these amino acids in
CPMV replication. It is noteworthy that two of the three
mutations present in VPgC involve changes in a basic
cluster of three amino acids at positions 20 to 22. One
could hypothesize that these positively charged amino
acids are critical to the function of VPg because they
interact directly with the negative charges associated
with the nucleotides of the viral RNA. However, it is
unlikely that this hypothesis explains the lethal pheno-
type of VPgC because the mutations introduced in VPgC
at these positions were conservative in nature (lysine to
arginine at position 20 and arginine to lysine at position
21) and did not change the net charge of the basic
cluster. Also for poliovirus VPg mutational analysis
showed that there is no direct correlation between the
net charge of VPg and the ability to replicate. All muta-
tions altering the arginine residue at position 17, even an
arginine-to-lysine substitution, resulted in noninfectious
virus, whereas the lysine residue at position 20 could
even be changed in a negatively charged glutamic acid
without affecting virus replication (Kuhn et al., 1988b).
Perhaps the mutations introduced in VPgC did not disturb
an interaction of VPg with RNA but an interaction of VPg
with another replicative protein. CPMV VPg is believed to
interact with the viral polymerase to undergo uridylation
and act as a primer for RNA transcription analogous to
poliovirus initiation of replication (Paul et al., 1998). For
this virus it has been shown extensively by biochemical
methods and the yeast two-hybrid system that multiple
protein–protein interactions occur between the replica-
tive proteins, in particular between the precursor of VPg,
3AB, and the polymerase 3D or its precursor 3CD (Xiang
et al., 1998, and references therein).
In this light it is interesting that the mutations intro-
duced in another mutant, VPgD, caused a markedly dif-
erent localization pattern of the replicative proteins as
evealed by immunofluorescence microscopy. Instead of
ggregating into shapeless bodies in distinct areas like
he wild-type, the replicative proteins were dispersed
niformly throughout the cytoplasm. The shapeless bod-
es observed by light microscopy are believed to corre-
pond to the large regions of electron-dense material
een by electron microscopy that are present adjacent to
s
che small membranous vesicles that are the site of CPMV
eplication (De Zoeten et al., 1974). A similar aberrant
localization pattern of the replicative proteins was previ-
ously reported in protoplasts transiently expressing
CPMV RNA1 mutants with either a deletion of the 32K
coding region or a point mutation in the NTP-binding site
of the 60K protein (Peters et al., 1994; van Bokhoven et
al., 1993). Our results with mutant VPgD indicate that
besides the NTB-binding domain the VPg region of 60K
also plays a role in the formation of the electron-dense
structures. Based on the altered localization pattern of
the different mutants and the observation that 60K asso-
ciates with the 32K protein in infected cells (Franssen et
al., 1984), we propose that 32K and 60K are involved in an
interaction that leads to multimerization and aggregation
of the viral replication complexes in the electron-dense
structures. The significance of these electron-dense
structures for viral RNA replication is unclear. It has been
proposed that the replicative proteins accumulate in the
electron-dense structures as inactive deposits or alter-
natively are maintained there in an active conformation
for replication (van Bokhoven et al., 1993). The finding in
ur study that a mutation of CPMV VPg prevented for-
ation of the electron-dense structures without abolish-
ng virus replication challenges the notion that the elec-
ron-dense structures play an essential role in the viral
eplication. Instead the inclusion bodies might represent
eposits of inactive nonstructural proteins that are
ormed as a consequence of the expression strategy of
he CPMV genome in a large polyprotein that does not
llow differential regulation of replicative proteins. A sim-
lar phenomenon is described for plant potyviruses
here different nonstructural proteins accumulate in dis-
inct inclusion bodies in the cytoplasm or in the nucleus,
way from the site of replication (Riedel et al., 1998, and
eferences therein).
MATERIALS AND METHODS
onstruction of plasmids
To introduce mutations in the VPg coding region, plas-
id pTB1G (Eggen et al., 1989) was used as starting
aterial. Plasmid pTB1G contains the full-length cDNA of
PMV RNA1 from which infectious RNA can be gener-
ted using T7 RNA polymerase (Eggen et al., 1989). The
ositions of restriction sites and nucleotides refer to the
ositions in the B-RNA sequence determined by
omonossoff and Shanks (1983). An SstI–BamHI frag-
ent from pTB1G (positions 2301 to 3857) was inserted
nto the corresponding site of M13mp19. Site-directed
utagenesis was performed using the phosphorylated
ligonucleotides shown in Table 1 to introduce the dif-
erent mutations according to the method described by
unkel (1985). To facilitate selection of mutant clones,
ilent mutations that introduce a restriction site were
onstructed. In the case of SR3 Q/YG, VPgD, VPgAB, and
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28 CARETTE ET AL.VPgCPSMV the mutations were introduced in mutant
templates as indicated in Table 1. Recombinant
M13mp19 clones carrying the VPg mutations were ana-
lyzed by restriction enzyme mapping and dideoxy se-
quence analysis.
The SstI–BamHI fragments of the mutated M13mp19
clones were reinserted in the corresponding site of
pTB1G. For in vitro translation assays, the mutant VPgs
were introduced in pTB84 (Peters et al., 1992a) as an
stI–AocI (3534) fragment. To produce the RNA1-en-
oded 200K polyprotein of the noninfectious VPg mutants
n cowpea protoplasts, the mutations were introduced in
MB200 (van Bokhoven et al., 1993), which contains the
NA1 200K coding sequence under control of the CaMV
5S promoter. The NdeI (2080)–AocI fragment of pMB200
as exchanged with the NdeI–AocI fragments from the
mutant clones.
In vitro transcription and translation
The procedure for in vitro transcription of viral cDNA
nd translation of RNA transcripts has been described
reviously (Peters et al., 1992b). The dried gels were
xposed either to film or to a standard phosphor screen
Molecular Dynamics) for phosphorimager analysis.
and intensity was quantitated using a Storm phos-
horimager (Molecular Dynamics) and ImageQuant soft-
are.
ransfection of protoplasts and detection of RNA1-
ncoded proteins
Cowpea (Vigna unguiculata L.) mesophyll protoplasts
were prepared and transfected by polyethylene glycol-
mediated uptake as described previously (van Bokhoven
et al., 1993). Transfected protoplasts were stained by the
indirect fluorescent antibody technique (van Bokhoven et
al., 1993) using anti-VPg (Eggen et al., 1988) and anti-
T
Oligonucleotides Used in This Study to Intr
Mutant Template
SR 3 Q/YG SR 3 Q/TR CCTATTGGG
SR 3 Q/GRS Wt CCTATTGGG
SR 3 Q/TR Wt CCTATTGGG
SR 3 Q/GSR Wt GGGCTTTC
Q28 3 H Wt CCAAAGAC
VPgA Wt GTATTGCG
VPgB Wt CTCTTGAGA
VPgC Wt GTGCGTCT
VPgD Q28 3 H CCAAAGAC
VPgAB VPgA CTCTTGAGA
VPgCPSMV VPgABD CTCTGCCC10K sera (van Bokhoven et al., 1992). After treatment
ith goat anti-rabbit antibodies conjugated to fluoresceinsothiocyanate (Nordic), the protoplasts were examined
y fluorescence microscopy.
For Western blot analysis protoplasts were collected 2
ays posttransfection by centrifugation at 100 g for 2 min.
liquots corresponding to 2 3 105 protoplasts were
loaded on a 10% SDS–polyacrylamide gel and electro-
phoresed. Immunoblots of these gels were prepared as
described previously (van Bokhoven et al., 1993) using
the antisera mentioned above.
ACKNOWLEDGMENTS
We gratefully acknowledge Jeroen Pouwels for technical assistance
and comments. Ton Bisseling is acknowledged for critically reading the
manuscript. J.C. was supported by The Netherlands Foundation for
Chemical Research (CW) with financial aid from The Netherlands
Foundation for Scientific Research (NWO). A.K. was supported by a
FEBS Long-Term Fellowship.
REFERENCES
Clark, A. J., Bertens, P., Wellink, J., Shanks, M., and Lomonossoff, G. P.
(1999). Studies on hybrid comoviruses reveal the importance of
three-dimensional structure for processing of the viral coat proteins
and show that the specificity of cleavage is greater in trans than in
cis. Virology 263, 184–194.
De Zoeten, G. A., Assink, A. M., and Van Kammen, A. (1974). Association
of cowpea mosaic virus-induced double-stranded RNA with a cyto-
pathological structure in infected cells. Virology 59, 341–355.
Di, R., Hu, C. C., and Ghabrial, S. A. (1999). Complete nucleotide
sequence of bean pod mottle virus RNA1: Sequence comparisons
and evolutionary relationships to other comoviruses. Virus Genes 18,
129–137.
Dolja, V. V., McBride, H. J., and Carrington, J. C. (1992). Tagging of plant
potyvirus replication and movement by insertion of b-glucuronidase
into the viral polyprotein. Proc. Natl. Acad. Sci. USA 89, 10208–10212.
Eggen, R., Kaan, A., Goldbach, R., and Van Kammen, A. (1988). Cowpea
mosaic virus RNA replication in crude membrane fractions from
infected cowpea and Chenopodium armaranticolor. J. Gen. Virol. 69,
2711–2720.
Eggen, R., Verver, J., Wellink, J., De Jong, A., Goldbach, R., and van
Kammen, A. (1989). Improvements of the infectivity of in vitro tran-
scripts from cloned cowpea mosaic virus cDNA: Impact of terminal
Mutations in the Coding Sequence of VPg
onucleotide primer Restriction site
GATATTGAGGCTC —
CGTCCTTGAGGCTC PvuI
CGCGTTTGAGGCTC MluI
CCTTGAGGCTCAG BamHI
TGCGTCTGC NdeI
TCAAACCTATTGGG AatII
TATTACGGTACCTGTATTGC KpnI
ATTTCTTTTGCGCAGAGGAACATTG FspI
TCCCTCTGCCCAAACTC —
TATTACGGTACCTGTATTGC KpnI
TTTTGCGCAGAGGAATATTAC FspIABLE 1
oduce
Olig
CTTAC
CGAT
CTTA
TGGAT
ATATG
CGACG
GGAA
GCCCA
ATTTG
GGAAnucleotide sequences. Virology 173, 447–455.
Franssen, H., Moerman, M., Rezelman, G., and Goldbach, R. (1984).
GH
J
K
K
K
L
L
M
M
M
P
P
P
P
P
R
R
R
29COWPEA MOSAIC VIRUS VPg MUTANTSEvidence that the 32,000-Dalton protein encoded by bottom-compo-
nent RNA of cowpea mosaic virus is a proteolytic processing en-
zyme. J. Virol. 50, 183–190.
Goldbach, R., Rezelman, G., Zabel, P., and van Kammen, A. (1982).
Expression of the bottom-component RNA of cowpea mosaic virus:
Evidence that the 60-kilodalton VPg precursor is cleaved into single
VPg and a 58-kilodalton polypeptide. J. Virol. 42, 630–635.
oldbach, R., and Wellink, J. (1996). Comoviruses: Molecular biology
and replication. In “The Plant Viruses, Polyhedral Virions and Bipar-
tite RNA Genomes,” (B. D. Harrison and A. F. Murant, Eds.), Vol. 5, pp.
35–76. Plenum, New York.
all, D. J., and Palmenberg, A. C. (1996). Cleavage site mutations in the
encephalomyocarditis virus P3 region lethally abrogate the normal
processing cascade. J. Virol. 70, 5954–5961.
aegle, M., Wellink, J., and Goldbach, R. (1987). The genome-linked
protein of cowpea mosaic virus is bound to the 59 terminus of virus
RNA by a phosphodiester linkage to serine. J. Gen. Virol. 68, 627–632.
uhn, R. J., Tada, H., Ypma-Wong, M. F., Dunn, J. J., Semler, B. L., and
Wimmer, E. (1988a). Construction of a “mutagenesis cartridge” for
poliovirus genome-linked viral protein: Isolation and characterization
of viable and nonviable mutants. Proc. Natl. Acad. Sci. USA 85,
519–523.
uhn, R. J., Tada, H., Ypma-Wong, M. F., Semler, B. L., and Wimmer, E.
(1988b). Mutational analysis of the genome-linked protein VPg of
poliovirus. J. Virol. 62, 4207–4215.
unkel, T. A. (1985). Rapid and efficient site-specific mutagenesis with-
out phenotypic selection. Proc. Natl. Acad. Sci. USA 82, 488–492.
omonossoff, G., and Shanks, M. (1983). The nucleotide sequence of
cowpea mosaic virus B RNA. EMBO J. 2, 2253–2258.
omonossoff, G., Shanks, M., and Evans, D. (1985). The structure of
cowpea mosaic virus replicative form RNA. Virology 144, 351–362.
urphy, J. F., Klein, P. G., Hunt, A. G., and Shaw, J. G. (1996). Replace-
ment of the tyrosine residue that links a potyviral VPg to the viral RNA
is lethal. Virology 220, 535–538.
urphy, J. F., Rhoads, R. E., Hunt, A. G., and Shaw, J. G. (1990). The VPg
of tobacco etch virus RNA is the 49-kDa proteinase or the N-terminal
24-kDa part of the proteinase. Virology 178, 285–288.
urphy, J. F., Rychlik, W., Rhoads, R. E., Hunt, A. G., and Shaw, J. G.
(1991). A tyrosine residue in the small nuclear inclusion protein of
tobacco vein mottling virus links the VPg to the viral RNA. J. Virol. 65,
511–513.
aul, A. V., Rieder, E., Kim, D. W., van Boom, J. H., and Wimmer, E. (2000).
Identification of an RNA hairpin in poliovirus RNA that serves as the
primary template in the in vitro uridylylation of VPg. J. Virol. 74,
10359–10370.
aul, A. V., van Boom, J. H., Filippov, D., and Wimmer, E. (1998).
Protein-primed RNA synthesis by purified poliovirus RNA polymer-
ase. Nature 393, 280–284.
eters, S. A., Mesnard, J. M., Kooter, I. M., Verver, J., Wellink, J., and van
Kammen, A. (1995). The cowpea mosaic virus RNA 1-encoded 112
kDa protein may function as a VPg precursor in vivo. J. Gen. Virol. 76,
1807–1813.
eters, S. A., Verver, J., Nollen, E. A., van Lent, J. W., Wellink, J., and van
Kammen, A. (1994). The NTP-binding motif in cowpea mosaic virus B
polyprotein is essential for viral replication. J. Gen. Virol. 75, 3167–
3176.
Peters, S. A., Voorhorst, W. G., Wellink, J., and van Kammen, A. (1992a).
Processing of VPg-containing polyproteins encoded by the B-RNA
from cowpea mosaic virus. Virology 191, 90–97.Peters, S. A., Voorhorst, W. G., Wery, J., Wellink, J., and van Kammen, A.
(1992b). A regulatory role for the 32K protein in proteolytic processing
of cowpea mosaic virus polyproteins. Virology 191, 81–89.
inck, M., Reinbolt, J., Loudes, A. M., Le Ret, M., and Pinck, L. (1991).
Primary structure and location of the genome-linked protein (VPg) of
grapevine fanleaf nepovirus. FEBS Lett. 284, 117–119.
euer, Q., Kuhn, R. J., and Wimmer, E. (1990). Characterization of
poliovirus clones containing lethal and nonlethal mutations in the
genome-linked protein VPg. J. Virol. 64, 2967–2975.
iedel, D., Lesemann, D. E., and Maiss, E. (1998). Ultrastructural local-
ization of nonstructural and coat proteins of 19 potyviruses using
antisera to bacterially expressed proteins of plum pox potyvirus.
Arch. Virol. 143, 2133–2158.
othberg, P. G., Harris, T. J., Nomoto, A., and Wimmer, E. (1978). O4-(59-
uridylyl)tyrosine is the bond between the genome-linked protein and
the RNA of poliovirus. Proc. Natl. Acad. Sci. USA 75, 4868–4872.
Salas, M. (1991). Protein-priming of DNA replication. Annu. Rev. Bio-
chem. 60, 39–71.
Sarnow, P. (1989). Role of 39-end sequences in infectivity of poliovirus
transcripts made in vitro. J. Virol. 63(1), 467–470.
Skaf, J. S., Schultz, M. H., Hirata, H., and de Zoeten, G. A. (2000).
Mutational evidence that the VPg is involved in the replication and
not the movement of pea enation mosaic virus-1. J. Gen. Virol. 81,
1103–1109.
Sosnovtsev, S., and Green, K. Y. (1995). RNA transcripts derived from a
cloned full-length copy of the feline calicivirus genome do not require
VpG for infectivity. Virology 210, 383–390.
Takegami, T., Kuhn, R. J., Anderson, C. W., and Wimmer, E. (1983).
Membrane-dependent uridylation of the genome-linked protein VPg
of poliovirus. Proc. Natl. Acad. Sci. USA 80, 7447–7451.
van Bokhoven, H., van Lent, J. W., Custers, R., Vlak, J. M., Wellink, J., and
van Kammen, A. (1992). Synthesis of the complete 200K polyprotein
encoded by cowpea mosaic virus B-RNA in insect cells. J. Gen. Virol.
73, 2775–2784.
van Bokhoven, H., Verver, J., Wellink, J., and van Kammen, A. (1993).
Protoplasts transiently expressing the 200K coding sequence of
cowpea mosaic virus B-RNA support replication of M-RNA. J. Gen.
Virol. 74, 2233–2241.
van de Ven, F. J., Lycksell, P. O., van Kammen, A., and Hilbers, C. W.
(1990). Computer-aided assignment of the 1H-NMR spectrum of the
viral-protein-genome-linked polypeptide from cowpea mosaic virus.
Eur. J. Biochem. 190, 583–591.
Vartapetian, A. B., Drygin, Y. F., Chumakov, K. M., and Bogdanov, A. A.
(1980). The structure of the covalent linkage between proteins and
RNA in encephalomyocarditis virus. Nucleic Acids Res. 8, 3729–3742.
Vos, P., Jaegle, M., Wellink, J., Verver, J., Eggen, R., Van Kammen, A., and
Goldbach, R. (1988). Infectious RNA transcripts derived from full-
length DNA copies of the genomic RNAs of cowpea mosaic virus.
Virology 165, 33–41.
Wimmer, E., Hellen, C. U., and Cao, X. (1993). Genetics of poliovirus.
Annu. Rev. Genet. 27, 353–436.
Xiang, W., Cuconati, A., Hope, D., Kirkegaard, K., and Wimmer, E. (1998).
Complete protein linkage map of poliovirus P3 proteins: Interaction
of polymerase 3Dpol with VPg and with genetic variants of 3AB.
J. Virol. 72, 6732–6741.
Zalloua, P. A., Buzayan, J. M., and Bruening, G. (1996). Chemical cleav-
age of 59-linked protein from tobacco ringspot virus genomic RNAs
and characterization of the protein–RNA linkage. Virology 219, 1–8.
